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Abstract
The present study aimed to analyze the long-term trends and variability of rainfall in the Upper Blue Nile (UBN) basin in
Ethiopia using Climate Hazards Group Infrared Precipitation with Stations (CHIRPS-v2) rainfall product from 1981 to
2018. A pixel-based rainfall variability and trend analysis was made at the annual, seasonal, and monthly temporal scales.
The coefficient of variation (CV) was applied to compute the rainfall variability. The trends for each pixel were analyzed
using Mann–Kendall (MK) trend test, while the Theil-Sen slope was used to estimate the magnitude of the trend. Results
indicated that monthly and seasonal rainfall variabilities are high with the CV up to 140% and 70%, respectively. Annual
rainfall variability was found to be low with CV ranging from 6 to 18%. The annual rainfall anomaly analysis, on the other
hand, indicated that there are variations in the amount of rainfall received at different years and parts of the basin. It captured
the spatial distributions of below- and above-average rainfall periods and its associated drought and flood events, respectively,
observed in the basin. In general, the MK monotonic trend analysis for the annual, summer, spring, and autumn rainfall
over the entire basin showed an average increasing trend at a rate of 2.48 mm year−1,1.16 mm year−1, 0.92 mm year−1, and
0.67 mm year−1, respectively. In contrast, the rainfall average trend during the winter season (− 0.15 mm year−1) indicated a
decreasing trend. The consistency of per-pixel trends with previous studies, based on rain gauge observations, demonstrates
the robustness of the trends. Furthermore, the completely raster-based analysis made in this study has provided essential
information regarding the spatial variability and trends of rainfall in the basin, which was not satisfactorily captured by the
conventional systems due to the larger inter-station distance between rain gauges. Thus, this could be a valuable addition to
the existing knowledge of rainfall characteristics in the UBN basin.
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Climate change and variability are significant contributing factors in the food security challenges and ecosystem
disturbance that our planet experiences. There are strong
indications and scientific evidence that the effects of climate change, such as altered patterns of rainfall, are veritably apparent and impacts are already affecting agricultural
productivity, availability and distributions of water, and biodiversity [1–3]. Rainfall is the most critical limiting factor
in the world, particularly in sub-Saharan African countries
that rely on rain-fed farming systems, and it determines the
availability and distributions of soil moisture essential for
crop production [4, 5].
Agriculture in Ethiopia is highly dependent on the rainfed system and is described by subsistence farming and
low productivity [6, 7], MoA 2011). Agriculture remains
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the most crucial sector of the Ethiopian economy [8, 9],
accounting for 45% of gross domestic product (GDP), 85%
of the export revenue, and 80% of the total employment [10,
11]. Given such a high dependence on rainfall, no surprise
that changes in rainfall can pose a direct and immediate
impact on the food security, the livelihood of the population, and the economy of the country [12, 13]. According
to von Braun [14], for example, a 10% decrease in the seasonal rainfall from the long-term average could generally
lead to a 4.4% reduction in the country’s food production.
Similarly, Bewket [15] noted that there are high correlations between cereal crop production and rainfall conditions
in the Amhara region (central and northwestern Ethiopia),
and suggested that farmers in the region are vulnerable to
food insecurity in connection with rainfall variability. With
less than 5% irrigation agriculture practice in Ethiopia [6,
9, 16], many studies indicated that rainfall variability and
associated droughts have historically been the major causes
of food shortages and famine in the country [17–19]. Indeed,
drought is a prevalent phenomenon in Ethiopia, and its frequency of occurrence has significantly increased during the
past few decades [20]. Historically, the country has faced
many severe drought events over the past 40 years, e.g., in
1983–1985, 1988, 2000, 2002–2003, 2006, 2011, and 2015,
with the drought in 1983–1985 being the worst and affected
millions of poor rural farmers, pastoralists, and livestock’s
[21–23]. Consequently, understanding the long-term trends
and variability of rainfall over space and time in different
parts of Ethiopia is a crucial step for acquiring pertinent
information on how the rain has been changing in the past
few decades. Such information is vital to design appropriate
agricultural strategies to cope with the current and future
climate variability and change.
Several studies have been conducted to assess the spatial and temporal patterns of rainfall in different parts of
Ethiopia, although the conclusions made by those studies
are mixed and even inconsistent in some cases. For example, Wing et al. [24], Bewket and Conway [25], Seleshi and
Zanke [26], and Conway [27] concluded that there is no
significant and clear trend in annual rainfall pattern over
different parts of the country. On the other hand, Wing et al.
[24], Cheung et al. [7], Osman and Sauerborn [28], and
Seleshi and Demaree [29] found a significant decline in June
to September rainfall for sites located in the southwestern,
northern, and central parts of Ethiopia. However, Seleshi
and Zanke [26] failed to find such a trend over central, northern, and northwestern Ethiopia. Instead, they found a decline
of annual and June to September rainfall in eastern, southern, and southwestern Ethiopia. Verdin et al. [30] confirmed
Seleshi and Zanke [26] findings of annual rainfall decline in
southwest and eastern Ethiopia, while Mengistu et al. [31]
in the Upper Blue Nile basin in Ethiopia and Alemayehu
and Bewket (2016) in the central highlands of Ethiopia
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demonstrated statically non-significant increasing trends
for annual rainfall.
Many of the inconsistencies in previous findings on rainfall trends and variability in Ethiopia could be attributed to
the subjective division of the study area as well as the length
and quality of the rainfall data used [26, 32]. Accurate and
long-term climate records are required to understand the
complexity of local climate variables and develop appropriate policies and strategies to secure the availability of
food and enhance natural resource management practices
[33]. Prior rainfall trend and variability studies conducted in
Ethiopia are almost entirely dependent on rainfall measured
over gauge stations, which are very sparse, unevenly distributed, and characterized by temporally incomplete records
[33]. However, rainfall regimes in Ethiopia are far from uniform, at a local scale,rainfall is closely linked to topography
and other biophysical factors and resulted in marked spatiotemporal variability at small distances [34, 35]. For example, Haile et al. [36] reported that the inter-station distance
between rain gauges in the UBN basin in Ethiopia is larger
than the scales of the rainfall,thus, the network does not
satisfactorily capture the spatial variability of rainfall in the
basin. In this context, using rain gauge observations solely
may prevent the reliable monitoring of rainfall variability in
space and in time over the entire basin [37, 38].
On the other hand, the advancement in remote sensing
science has provided an opportunity to estimate rainfall
through blending data from satellite observations and gauge
records and are becoming an essential source of rainfall data
in recent times [39–44]. Satellite-derived rainfall products
provide the spatiotemporal distributions of rainfall over large
areas with high temporal resolution. It is an essential product
to compensate for missing rainfall measurements in regions
where the homogeneous and continuous assessment of rainfall patterns remains challenging due to low-density rain
gauge networks. A detailed validation of the newly available
Climate Hazards Group Infrared Precipitation with Stations
(CHIRPS-v2) rainfall product using gauge observations has
been made in the UBN basin [45], in Eastern and Southern
Africa [46], in East Africa [47], and in Mozambique [35].
These studies revealed an encouraging skill of CHIRPS-v2
and its immense potential use for various operational applications such as hydro-climate studies in areas where the
gauge stations are very sparse and unevenly distributed. The
relatively high resolution of CHIRPS data sets could assist
to capture the spatial and temporal patters of rainfall and/or
its variability in complex topography and local climate areas
such as the UBN basin.
This study aims (i) to assess the spatial and temporal
variability of rainfall, (ii) to detect rainfall anomaly, and
(iii) to detect and characterize the long-term trends of rainfall in the Upper Blue Nile (UBN) basin in Ethiopia using
the CHIRPS-v2 rainfall product for the period 1981–2018.
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Given the critical importance of rainfall in the UBN basin, a
comprehensive understanding of rainfall trends and variability is useful for proper water resources and crop production
planning and management.

2 Site description
The Upper Blue Nile (UBN) basin is situated in the northwestern part of Ethiopia (Fig. 1). The UBN basin is the largest river basin in Ethiopia in terms of volume of discharge
and contributes about 60% of the total annual discharge
of Nile River [27, 48]. The UBN basin covers an area of
176,000 km2, which is 17% of the total area of Ethiopia
[27]. The basin is described by a complex topography with
elevation extending from 490 to 4239 m.a.s.l (Fig. 1). The
climate of the basin is highly controlled by altitude and the

Fig. 1  Digital elevation model (DEM) of the Upper Blue Nile basin
and its location in Africa. The northeastern regions have higher elevation, while the northwestern regions have lower elevation (imagery
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proximity to the equatorial monsoonal systems. The year is
divided into three main seasons: a rainy season (known as
“Kiremt”) which occurs around June to September, a dry
season (called “Bega”) from October to January, and a short
rainy season (called “Belg”) that may occur around February
to May [7, 27]. The UBN basin received an annual rainfall
of up to 2200 mm and about 70% of it is observed during the
Kiremt season [49]. Indeed, the mean annual rainfall varies
between 1200 and 1800 mm [27] with an increasing trend
from northeast to southwest [50]. However, rainfall variability is an inherent experience in the basin [27, 49]. Thus, the
hydrological processes in the basin are quite complex and
highly variable in space and time. Although quite a diversity
of land-use systems is shared, the livelihoods of the majority of the populations in the basin are highly dependent on
rain-fed agriculture.

source: SRTM Global elevation data). Green bold points show the
rainfall gauge stations used for the validation of CHIRPS satellite
rainfall estimates
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3 Methods
Za =

3.1 Data collection
In this study, we used the CHIRPS-v2 satellite rainfall estimates to evaluate the spatiotemporal trends and variability
of rainfall in the UBN basin, Ethiopia. CHIRPS is a quasiglobal (500 S–500 N) gridded products available from
1981 to near present at 0.050 spatial resolution (~ 5.3 km)
and the products are available at daily, pentadal, dekadal,
and monthly temporal scales [40]. The CHIRPS data set
is produced by the U.S. Geological Survey (USGS) and
the Climate Hazards Group (CHG) at the University of
California [40, 51]. The rainfall product integrates both
gauge station data and satellite-derived products to provide
global rainfall estimates with fairly low latency, high resolution, low bias, and a long period of record. This study
used monthly, seasonal, and annual time series data for the
last 38 years (1981–2018). The annual rainfall series was
calculated from the sum of the monthly rainfall estimates.
The seasonal rainfall was also obtained from the sum of
the corresponding monthly rainfall. Details of CHIRPS
satellite rainfall products can be found in Funk et al. [40].
A detailed validation of the performance of the CHIRPSv2 rainfall product in the UBN basin has been made in our
previous study [45].

3.2 Rainfall variability analysis
The study applied several techniques to assess the rainfall
trends and variability at annual, seasonal, and monthly
temporal scales from 1981 to 2018. The analyses were
done using “raster” packages in the R platform [52]. Variability analysis involves the generation of the long-term
mean (LTM), calculating the coefficient of variation (CV),
and an anomaly. Spatial and temporal variability of annual,
seasonal, and monthly rainfall was evaluated for each pixel
by computing the CV as follows:

CV =

𝜎
× 100
𝜇

(1)

where CV is the coefficient of variation; 𝜎 is the standard deviation and 𝜇 is the mean precipitation. Hare [53]
has classified the variability of rainfall events as less (CV
<20), moderate (20< CV < 30), and high (CV >30). Also,
a standardized anomaly of rainfall for each pixel has been
calculated to indicate the departures of each year total
rainfall from the LTM, which enables to identify of the
dry and wet years in the CHIRPS-v2 estimates and is used
to assess the frequency and severity of droughts, and was
computed as follows:
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)
Xi − X i

(2)

𝜎

where Za is standard rainfall anomaly; Xi is an annual rainfall of a particular year; X i is long-term mean (LTM) annual
rainfall, and 𝜎 is the standard deviation over a period of observations (38 years in our case). Pixel with a negative value of
Za represents periods of below-normal rains (drought) while a
positive value indicates above-normal rains (with the possible
risk of flood).

3.3 Rainfall trend analysis
Trend analysis for hydro-meteorological time series is a fundamental approach to understand climate variation and its departure from normality. Various parametric and nonparametric
statistical methods have been used for determining trends in
a time series. In this study, the nonparametric Mann–Kendall
(MK) trend test was used to detect the long-term trends of
rainfall over the UBN basin. The nonparametric MK statistical
test [54, 55] is one of the most frequently used tests to identify
whether a monotonic trend exists in hydro-meteorological data
such as precipitation (e.g., [56–58]. The MK test is a rankbased nonparametric test for assessing the significance of a
trend and, hence, is more helpful than the parametric test (e.g.,
the t test) in handling non-normally distributed data series
[59]. The testing procedure is also capable of dealing with
missing data and is robust against outliers, commonly occurred
in hydro-climate time series [60, 61].
According to Mann, the null hypothesis H0 states that a data
series is serially independent and identically distributed with
no monotonic trend. The alternative hypothesis H1 is that the
data follows a monotonic trend. In a two-sided test for trend
at a significance level of 𝛼 , H0 should be rejected and H1 is
accepted if |Z| > z𝛼∕2, where FN (z𝛼∕2) is the standard normal
cumulative distribution function, and Z is the test statistic used
to identify the direction of the trend and its significance.

⎧
⎪
⎪
⎪
Z=⎨
⎪
⎪
⎪
⎩

S−1
√
ifS
var(s)

>0

0ifS = 0
S+1
√
ifS
var(s)

(3)

<0

where S is the MK test statistics which measures the trend
in the data, is defined as

S=

∑n−1 ∑n
i=1

j=i+1

sgn(xj − xi )

(4)

where xj is the sequential data values and n is the length
of the data set and
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equation was used for testing the time series data sets for
lag-1 serial correlation [69].
√
√
−1 + 1.645 (n − 2)
−1 − 1.645 (n − 2)
(9)
≤ r1 ≤
n−1
n−1

⎧ 1if 𝜃 > 0
⎪
⎪
sgn(𝜃) = ⎨ 0if 𝜃 = 0
⎪
⎪ −1if 𝜃 < 0
⎩
Kendall indicated that the distribution of S may be well
approximated by a normal distribution with mean zero and
variance (Eq. 5) under the assumption of no trend:

E(S) = 0
�
var(S) =

n(n − 1)(2n + 5) −

∑m

i=1 ti (ti − 1)(2ti + 5)

18

�

(5)

If the value of 𝛽 is different from 0, it is assumed to be
there is a linear trend, and the sample data are de-trended using
Eq. 7.
�

(7)

 t is the original time
where X t is the de-trended series, X
series value at time t, and β is the slope of trend in a sample
data. The next step is checking the presence of autocorrelation
with lag-1 in the de-trended series and can be computed by
′

r1 =

�
� ���
� ��
�
�
�
�
X t −E X t
X t+1 −E X t
2
1 ∑n
�
�
t −E (X t )]
� � n� t=1 [1X ∑
�
n
E X t = n t=1 X t

�

Y t = X t − r1X

�

where m is the number of tied groups and ti is the size of
the ith tied group.
The MK test assumed that the observed time series data are
serially independent and randomly ordered [62]. The presence
of serial autocorrelation in the observed time series data would
be a problem in detecting and evaluating trends in hydro-climate data [63]. For example, positive serial correlation inflates
the sampling variance of test statistics and thus will increase
the probability that the MK test detects a significant trend.
This test may lead to a rejection of the null hypothesis of no
trend,whereas the null hypothesis is true (type 1 error). In
order to limit the influence of serial correlation on the MK test,
the trend-free pre-whitening (TFPW) method, as described in
[64, 65], was used in this study. As a first step, the TFPW starts
with de-trending the original time series value ( Xt ) to remove
the linear trend using slope (𝛽) estimated by the Theil-Sen
Slope Estimator [66, 67] and it is computed as follows:
]
[
Xj − Xk
∀k < j
𝛽 = Median =
(6)
j−k

X t = Xt − 𝛽t

If r1 falls inside the above interval, then the time series
data sets are independent observation and the MK test can be
applied to the original data set. Otherwise, the data are serially correlated, and then the autoregressive part is removed
′
from X t using the “pre-whitening” method shown in Eq. 10.

1 ∑n−1
t=1
n−1

(8)

where r1 is the lag-1 autocorrelation coefficient, n is( the)
′
number of observations in the de-trended series, and E X t
is the mean of the de-trended series [68]. The following

�

t−1

(10)

Then, Y y is referred as the trend-free pre-whitened data
′
series, and then, the identified trend βt and the residual Y y
are blended by
′

�

Yt = Y t + 𝛽 t

(11)

where Yt is the blended series and could preserve the true
trend and is no longer influenced by the effects of autocorrelation [64]. Then, the MK test is applied to the blended
series to assess the significance of the trend.
In this paper, a pixel-based rainfall trend analysis has been
carried out on the annual, seasonal, and monthly temporal
scales using the “ZYP” R package [70], developed based on
[64] trend-free pre-whitening method. The trend result has
been evaluated at the significance level of 𝛼 = 0.05. This
implies that the null hypothesis is rejected when |Z| > 1.96
in Eq. 3, thus Z > 1.96 indicating a significant increasing
trend and a Z <  − 1.96 a significant decreasing trend. Since
the MK test does not provide the magnitude of the trend, the
Theil-Sen Slope Estimator in Eq. 6 has been used to estimate
the magnitude of the trend.

4 Results
4.1 Long‑term properties of rainfall
Figures 2 to 4 provide the spatial distribution of the mean
annual, seasonal, and monthly rainfall for the period 1981
to 2018. The UBN basin receives an annual rainfall ranging from 600 to 2200 mm (Fig. 2). It is noteworthy that
the distribution of annual rainfall over the UBN basin has
local characteristics. For example, we estimated rainfall
gradient by using the annual rainfall and the corresponding latitude/longitude values from each pixel grid found
within the study basin. The maxima and strong rainfall gradients are oriented along with the central and southern tip
of the basin that receives an annual rainfall above 2000 mm
(Fig. 2). The lowest total annual rainfall occurred over the
eastern and western margins of the basin. Also, Figs. 3 and
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However, in March and April, the rainfall pattern changes,
and the relatively high rainfall areas are located along with
the eastern and southern parts of the basin.

4.2 Long‑term spatial and temporal variability
of rainfall

Fig. 2  The spatial distribution of mean annual rainfall (mm) over the
Upper Blue Nile (UBN) basin in Ethiopia (1981 to 2018). The gray
shaded region indicates mean annual rainfall gradients estimated. It
indicates the maxima and strong annual rainfall gradients are oriented
along the central and southern tip of the basin that receives an annual
rainfall above 2000 mm

4 show that annual rainfall was not uniformly distributed
over time. A rainfall regime from June to September, with
a peak in July, contributes about 73% of the total annual
rainfall recorded in the basin. A relatively moderate amount
of monthly mean value are observed from March to May.
Very little to no rainfall events occurred from November to
the following year February, thus known as a dry season.
On the basis of the percentage contribution to the annual
rainfall, the basin experiences four distinct periods of rainfall (Fig. 3), namely, winter (December, January, February),
spring (March, April, May), summer (June, July, August),
and autumn season (September, October, November). The
highest average seasonal rainfall was detected in summer
(600 to 1200 mm), which contributes about 60% of the total
annual rainfall (Fig. 3). This season (summer) has a maximum number of rainy days and is called the “wet season” in
the UBN basin [7, 27].
Gradually, the seasonal rainfall decreases in autumn (100
to 500 mm) (Fig. 3), and the lowest values are observed in
the winter (20 to 140 mm) dry season when less than 3%
of the total annual rainfall is recorded. In spring, the rainfall again starts to develop from the southern region and
slowly increases to the central and western parts of the basin.
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The coefficient of variation (CV) was computed to assess
the spatial and temporal variability in annual, seasonal, and
monthly rainfalls of the UBN basin. The CV over 38 years
(1981 to 2018) indicates that the variability of monthly and
seasonal rainfall is higher than that of annual rainfall (Figs. 5
to 7). As can be seen from Fig. 5, annual rainfall variability
resulted in CV ranging from 6 to 18%, and was classified
as low rainfall variability. The year-to-year variation illustrates a general eastward increase in the coefficients from
less than 10% in high rainfall areas—mainly in the central and southern parts of the basin—to 18% in the eastern
region. The seasonal rainfall variability showed CV ranging
from 1.26 to 70%, 16.18 to 52.53%, 7 to 25.2%, and 10.58
to 34.47% for the winter, spring, summer, and autumn seasons, respectively (Fig. 6). The highest seasonal variability
was observed over the winter and the spring rainfall and
they are the most significant contributors to annual rainfall
variability. The pattern of the winter rainfall contributing
more to the annual variability occurs over the east and southeast of the UBN basin. The statistical analysis showed that
the CV of June to September is small, indicating that these
months have low variability and contribute less to the annual
rainfall variability compared to other months (Fig. 7). The
degree of rainfall variability increases for the dry months of
October, December, February, and April. The year-to-year
variability of rainfall is significant in March and November
with CV values of up to 140% and 120%, respectively, and
contributes much to the annual variability of rainfall in the
UBN basin. We can see that the highest rainfall variabilities
across all the temporal scales are coinciding with areas of
the lowest mean rainfall values of the UBN basin.
The annual rainfall anomaly presented in Fig. 8 reveals
that there are variations in the amount of rainfall received
at different years and parts of the basin. A significant portion of the UBN basin has received above-normal rainfall
in 1988, 1996, 1998, 2000, 2006, 2008, and 2017, with the
highest total amount of rainfall recorded for the years 1988,
2006, and 2017. The most critical driest years of the basin
occurred in 1982–1984, 1986, 1990, 1992, 1994, 1995,
2002, 2009, and 2015. The annual rainfall for the remaining
years showed a small deviation (negative or positive anomaly) from the LTM, which confirmed that the UBN basin had
received near-optimal annual rainfall during these periods.

Remote Sensing in Earth Systems Sciences (2021) 4:199–215
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Fig. 3  The spatial distribution of mean seasonal rainfall
(mm) over the Upper Blue Nile
(UBN) basin in Ethiopia (1981
to 2018). The annual rainfall is
characterized by four distinct
seasons—winter (December,
January, February), spring
(March, April, May), summer (June, July, August), and
autumn (September, October,
November)

4.3 Long‑term monotonic trends for rainfall
The serial correlation test in our study revealed the presence
of marginal serial dependence. To eliminate the effect of
serial correlation on the MK result, a trend-free pre-whitening technique, as presented in Eq. 10, was applied to preprocess the data series before the application of the MK test.
Accordingly, the results of MK trend analyses for annual,
seasonal, and monthly temporal scales showed distinct spatial and temporal trends in the UBN basin. Figure 9 provided
a per-pixel monotonic trend at annual scale and pixels with
significant trends are marked with points. The mean annual
rainfall over the UBN basin shows both positive and negative trends (Fig. 9). However, considering the average trend
over the entire basin, the annual rainfall is increasing at a
rate of 2.48 mm year−1. As can be seen from grid points
in Fig. 9, the annual time series reveals only a significant
increase trend (ranging from 1.68 to 10.78 mm year−1) over
the northeast, northwest, west, and southwest of the UBN
basin, and covers about 28% of the total basin area.
Similarly, the monotonic trends for seasonal rainfall
showed positive trends over most sub-basins of the UBN
basin (Fig. 10). When the average trend for the entire basin
is extracted, the analysis revealed an increasing trend over
the summer (1.16 mm year−1), spring (0.92 mm year−1),

and autumn (0.67 mm year −1) seasons. While the average trend during the winter season (− 0.15 mm year −1)
indicated a decreasing trend. Indeed, statically significant
trends, marked by grid points, for seasonal timescales have
been observed over tiny portions of the basin (Fig. 10).
Accordingly, summer rain showed a significant increase
in trends ranging from 0.84 to 7.68 mm year −1, most
marked in the north, northwest, and east of the UBN basin
(Fig. 10). Most of the changes marked over the annual
timescale analysis (Fig. 9) are also manifested in the summer season as well. The spring and autumn rainfall in
the west UBN basin have also shown increasing trends
at p < 0.05, with the rate of change ranging from 0.73 to
3.90 mm year−1 and 0.85 to 3.86 mm year−1, respectively.
A relatively significant decline in seasonal rainfall trend
was observed during spring (− 1.65 to − 3.45 mm year−1)
and summer (− 1.04 to − 3.34 mm year−1) seasons located
in the east and central parts of the basin, respectively.
The seasonal trends suggest that winter rainfall (dry season of the study area) experiences significant but weak
upward (up to 0.27 mm year−1) and downward trends (up
to − 1.11 mm year−1) in the north and west of the UBN
basin. The majority of the negative trends dominantly
observed in summer and spring rainfall were not statistically significant at p < 0.05.
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Fig. 4  The spatial distribution of mean monthly rainfall (mm) over the Upper Blue Nile (UBN) basin in Ethiopia (1981 to 2018)

Figure 11 presents Theil-Sen’s slope for monthly rainfall
and pixels with points for statistically significant (p < 0.05)
trends. The monthly rainfall trends were not statistically
significant over the considerable portion of the UBN basin.
However, the result showed a significant positive rainfall
trend in May (the west and southwest of the UBN basin),
July (north and east of the UBN basin), August (northwest of the UBN basin), and September (west of the UBN
basin) with a magnitude of 0.61 to 3.65 mm year−1, 0.62
to 0.478 mm year−1, 0.57 to 3.06 mm year−1, and 0.44 to
2.38 mm year−1, respectively. An increase but relatively
low magnitude rainfall trends have been noted over January, June, October, November, and December. Although
rainfall over July and August showed predominant negative
trends (located in the central and west of the basin), those
trends were not statistically significant (at p < 0.05). Rainfall
over March showed a significant decreasing trend (− 0.01
to − 2.12 mm year−1) mainly occurred in the southeastern parts of the UBN basin. In general, when the obtained
trends were averaged over the entire basin, there existed
an increasing trend with the rate of 1.27 mm year−1 (for
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May), 0.39 mm year−1 (for June), 0.37 mm year−1 (for July),
0.23 mm year−1 (for August), 0.27 mm year−1 (for September), 0.23 mm year−1 (for October), and 0.13 mm year−1
(for November). Decreasing monthly average trend, with a
relatively low magnitude, was found from December to the
following April over the basin.

5 Discussion
5.1 Long‑term rainfall variability
Ethiopia has encountered significant spatial and temporal
variability of rainfall. The extreme events such as droughts,
with different magnitudes, observed for the last four decades in the country, had tremendously affected the livelihood
of the farming community and left many people with no
food [17–19]. Such an extreme event of rainfall is a critical
phenomenon in the UBN basin of Ethiopia. Therefore, it
is essential to understand basins rainfall characteristics and
variability at different spatial and temporal scales.
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early warning systems of the basin that the success or failure
of crops is highly reliant on the spatial and temporal distributions of intra-year rainfall than that of the total amount of
rain received throughout the year. Several studies in Ethiopia
revealed that seasonal rainfall variability has a significant
negative impact on crop production and food availability
[15, 74].
Annual rainfall anomalies showed that the basin had
experienced both the wet and dry years (Fig. 8). The wettest and driest years captured in the analysis agree with the
report by the National Meteorological Service Agency [75,
76] of Ethiopia. Some of the most notable dry years (e.g.,
1980s) observed in the UBN basin occurred during the wellknown drought and famine periods that lasted from 1981 to
1986 in Ethiopia [7, 77]. Indeed, [49, 78] obtained a significant negative anomaly in the June to September rainfall
during the 1980s over the UBN basin. The wet years (e.g.,
2006) identified in this study correlated with the well-known
flood years observed in the country [34, 79].

5.2 Long‑term monotonic trends for rainfall

Fig. 5  Coefficient of variation (%) of annual rainfall (1981 to 2018)
in the Upper Blue Nile (UBN) basin in Ethiopia. The gray shaded
regions in the figure show the annual rainfall variability gradients.
The rainfall variability gradient was estimated by using the CV of
annual rainfall and the corresponding latitude/longitude values for
each pixel grid. It indicates that the relatively high annual rainfall
variabilities gradients are oriented along with the eastern and northeastern parts of the basin

Our study reveals that the basin receives an annual mean
rainfall ranging from 600 to 2200 mm (Fig. 2), and summer
rain produced more than 60% of the annual total rainfall. As
a result, the spatial pattern and variability of annual (Figs. 2
and 5) and summer rainfall (Figs. 3 and 6) are much alike.
This result implies that summer rainfall is significant in the
UBN basin and has great control over the hydrology of the
basin in general. The seasonal and monthly rainfall exhibited
a significant spatial and temporal variability (Figs. 6 and 7)
than that of the annual rainfall (Fig. 5). A considerable portion of the basin for seasonal and monthly timescale results
in a high coefficient of variability (CV) that exceeded 30%,
indicating that rainfall over the basin has high variability.
Similar findings have been reported by [7, 25], Tekeleab
et al. (2013), [71–73] in different parts of the UBN basin
using rainfall data recorded from meteorological stations.
The high variability in monthly and seasonal rainfall relative
to annual series indicates that the year-to-year total annual
rainfall is comparatively stable. In contrast, the intra-year
rainfall is substantially heterogeneous. This result has an
informative connection with agricultural production and

In general, the MK trend analysis provided in Figs. 9 to
11 indicates that the UBN basin has encountered non-significant increasing trends for annual and seasonal rainfalls,
except for winter season when the trends are decreasing,
over most parts of the basin. Indeed, an overall non-significant increasing trend of annual and seasonal rainfall was
reported by [31] for the UBN basin, Alemayehu and Bewket
[80] in central highlands of Ethiopia, and Gummadi et al.
[71] for entire Ethiopia (except Afar region). However, the
result indicated significant trends over some locations of the
basin for both the annual and seasonal rainfall series. For the
annual timescale, statistically significant trends were found
for about 28% of the basin and marked along with the northeast, northwest, west, and southwest of the basin (Fig. 9).
Evidence of a significant increasing trend for about 18% of
the UBN basin (located in the northeast) for the annual rainfall has been reported by [31]. Likewise, [7] in the southwest
of the UBN basin and [25] in the northeastern part of the
basin have found significant increasing trends. In contrast,
[81] observed a significant decline in annual rainfall in the
southwestern parts of the basin.
For the summer rainfall, significant increasing trends
were observed for about 18% of the basin, concentrated
in the eastern and northeastern regions. Correspondingly,
[25, 31, 81, 82] reported a significant increasing trend in
the eastern, northeastern, and east-central parts of the basin
during the summer season, and also, noted that considerable
portions of the basin had exhibited non-significant declining
trends during the summer (30%), autumn (28%), and spring
(18%) season (Fig. 10). Evidences for declining trends for
seasonal rainfall in Ethiopia in general and in the UBN basin
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Fig. 6  Coefficient of variation
(%) of seasonal rainfall (1981
to 2018) in the Upper Blue Nile
(UBN) basin in Ethiopia. The
annual rainfall is characterized
by four distinct seasons—winter
(December, January, February),
spring (March, April, May),
summer (June, July, August),
and autumn (September, October, November). The highest
variabilities were recorded in
the winter (southern and southwestern regions of the UBN
basin) and spring (North of the
UBN basin) seasons

in particular were reported by [31, 83–87]. Given summer is
the main rainfall and growing season in the UBN basin, the
decline trends during this period are expected to have a significant impact on agricultural production and livelihoods of
the poor rural community. The spring rainfall is also important to support main season crop production by providing a
chance and encouragement for early land preparation and
planting [67]. A report from the famine early warning systems network (FEWSNET) indicated that the main season
crop yield and production correlate well with spring rainfall
in the long-cycle crop-growing region of Ethiopia [88]. The
amount of rainfall during autumn may also have a significant
contribution to support off-season cropping at farmer’s plot
[89].
Furthermore, monthly rainfall from June to September
showed non-significant increasing trends over most parts
of the basin (Fig. 11). Indeed, over July, the peak rainfall
month in the UBN basin, a significant increasing trend with
a relatively high magnitude, was observed, covering the
northeastern parts of the basin. However, still, a substantial
portion of the basin has experienced non-significant declining trends during critical crop-growing months and covers
21.28 (for June) to 49.57% (for July). The declining trend
over the growing months of the basin could lead to the contraction of the length of crop-growing period and increase
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in terminal drought. Notably, decline trends on the onset
and cessation of the rainy periods are crucial to the basin’s
agriculture and directly affecting crop production by altering
the planting time and the grain filling processes.

5.3 Drivers of rainfall variability and trend
in the UBN basin
The spatial and temporal climatology of Ethiopian rainfall is
mainly controlled by the annual north–south migration of the
Inter-Tropical Convergence Zone (ITCZ) [90]. The variation in
the movement and intensity of ITCZ causes most of the annual
variability and trends of seasonal rainfall in Ethiopia [91].
This multifaceted temporal variability and trends of rainfall in
Ethiopia (the UBN basin) could be attributed to considerable
variation in altitude [92],change in the sea surface temperatures (SSTs) occur on the Indian, Pacific, and Atlantic Oceans
[93],and the seasonal and annual variation of the strength of
the monsoon over the Arabian Peninsula [91]. Findings in
Ethiopia relevant to the study region (e.g., [26, 94, 95] indicated that the annual variability and trends of June–September rainfall (the main rainfall seasons of the UBN basin) are
controlled by large-scale SSTs anomalies over the equatorial
East Pacific (the El Niño–Southern Oscillation-ENSO) and
the Indian Ocean, where the warming/cooling are associated
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Fig. 7  Coefficient of variation (%) of monthly rainfall (1981 to 2018) in the Upper Blue Nile (UBN) basin in Ethiopia. The year-to-year variability of rainfall is high in March and November

with deficit/excess of rainfall. In this connection, Abtew et al.
[96] and Melesse et al. [97] showed that the upper Blue Nile
basin annual rainfall is teleconnected to the ENSO index and
concluded that high rainfall in the basin is likely to occur during La Niña years and dry years occur during El Niño years.

5.4 Significance and potential application of results
A completely raster-based analysis made in this study provides an essential information regarding the trend and variability of rainfall for each pixel, which was not captured
by the conventional rain gauge observations. The spatial
findings presented in this paper could be used as a base to
develop specific agricultural strategies to particular locations, according to the extent and magnitude of rainfall
variability and trends, to ensure sustainable food security in
the basin. For example, farmers and decision-makers could
potentially use this information to transform and reorient crop production systems and management practices in
response to rainfall variability and trends at specific sites

of the basin [98]. Indeed, the choice of crop type and variety cultivated and the decision of planting and harvesting
times determined directly by the rainfall conditions prevailing in each region [99]. Also, the rainfall trends map could
provide the basis for agricultural policy makers to plan for
(i) dry season farming in high rainfall areas, using residual
soil moisture, and (ii) the development of micro-irrigation
facilities, to support regions with declining rainfall trends,
to ensure continuous food availability in a changing climate.
Moreover, mapping the spatial and temporal variability of
rainfall over the UBN basin is essential knowledge for water
resources planning and management at basin as well as for the
entire Blue Nile region. Rainfall in the UBN basin is the major
contributor to flows into the Nile River. Degefu [48] and Conway [100] stated that about 60% of the annual flow of the Nile
comes from the Blue Nile River basin, which is highly dependent on the amount of rainfall received during the summer season. The observed trends and variability in the UBN basin could
have a significant impact on the water and sediment flows into
the river and on the agriculture of the downstream countries in
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Fig. 8  Standard rainfall anomalies for annual rainfall in the UBN
basin indicating the magnitude of departure from their long-term
mean rainfall over a period of 38 years observation (1981 to 2017).

Pixel with a negative value represents periods of below-normal rains
(drought) while a positive value indicates above-normal rains (with
the possible risk of flood)

Sudan and Egypt [71]. Thus, the analysis of rainfall trends and
variability in the UBN basin has trans-boundary implications
and could endorse a harmonized approach to response on the
climate change adaptation and resilience among the Blue Nile
basin member countries.

(1981 to 2018). The analysis was conducted at an annual,
seasonal, and monthly temporal scale. The monotonic
trends were analyzed using the Mann–Kendall (MK)
trend test. The coefficient of variation (CV) over 38 years
indicates that the variability of monthly (up to 140%) and
seasonal rainfall (up to 70%) is higher than that of annual
rainfall. Annual time series rainfall data resulted in CV
ranging from 6 to 18%, and classified as low rainfall variability. Annual rainfall anomaly has captured the spatial
distributions of below- and above-average rainfall periods
and its associated drought and flood events, respectively,
observed in the basin. In general, the MK monotonic trend

6 Conclusions
This study has investigated the trends and variability of
rainfall over the upper Blue Nile (UBN) basin in Ethiopia
using CHIRPS-v2 satellite rainfall estimates for 38 years
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Fig. 9  Monotonic trends for annual rainfall (mm y ear−1) in the UBN
basin in Ethiopia for over the period of 1981 to 2018. Grid points
indicate pixels with significant (p < 0.05) increase or decrease in rainfall trends. Pixels with a negative value indicate a decreasing trend
while a positive value indicates an increasing trend

analysis for all timescale analysis revealed that the UBN
basin had experienced non-significant increasing trends
over most parts of the basin. Indeed, the study identified
a significant increasing trend for annual rainfall ranging
from 1.68 to 10.78 mm year−1 that covers about 28% of the
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total basin area, mainly located over the northeast, northwest, and southwest parts of the basin. Likewise, summer rainfall showed increasing trends over the eastern and
northeastern parts of the basin, which covers about 18%
of the basin total area. For a monthly timescale, a significantly increasing trend with a relatively high magnitude
was observed in July. The consistency of per-pixel trends
with previous studies based on rain gauge observations
shows the robustness of the trends and might be a valuable
addition to the existing knowledge of rainfall in the UBN
basin. The results of this study could serve as a basis for
designing appropriate agricultural policies and strategies
to cope with the current and future climate change.
Overall, our findings indicated that satellite-based rainfall
products are an essential source of rainfall data to derive the
spatial and temporal distributions of rainfall over large areas
with high temporal resolution. These products are particularly relevant to support rainfall measurements in Africa,
which is challenged by low-density rain gauge networks and
incomplete observations. Besides, it should be noted that
CHIRPS-v2 rainfall products are generating through blending satellite observations and gauge station records. Thus,
like any other rainfall product, CHIRPS-v2 might have some
uncertainties, mainly due to the low density and incomplete
recording of existing stations (an essential component of
CHIRPS) for most African countries, including Ethiopia.

Fig. 10  Monotonic trends for
seasonal rainfall (mm y ear−1) in
the UBN basin in Ethiopia for
over the period of 1981 to 2018.
Grid points indicate pixels with
significant (p < 0.05) increase
or decrease in rainfall trends.
Pixels with a negative value
indicate a decreasing trend
while a positive value indicates
an increasing trend. Rainfall in
the UBN basin is characterized
by four distinct seasons—winter
(December, January, February),
spring (March, April, May),
summer (June, July, August),
and autumn (September, October, November)
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Fig. 11  Monotonic trends in monthly rainfall (mm year−1) for 1981–
2018 in the Upper Blue Nile (UBN) basin in Ethiopia. Grid points
indicate pixels with significant (p < 0.05) trends for monthly rainfall
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(mm year−1) in the UBN basin in Ethiopia. Pixels with a negative
value indicate a decreasing trend while a positive value indicates an
increasing trend
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